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EVALIJATION OF PHASE DELAY IN A CRYSTAL MIXER 
J. C. Sanderlin and 3. W. Cook 
Introduction : 
In system where the phase delay is the measured variable, any phase 
shift through the system appears as a fixed error in the measured variable, 
and any variations in phase shift through the system appear as uncertain- 
ties in the measured variable. 
when used in such a system are thus of considerable interest. 
port presents the results of an analytical and empirical investigation of 
the phase deluy characteristics of a crystal mimr. 
The phase delay characteristics of a mixer 
This  re- 
The phase shift incurred by a sinusoidal wave in passing through a 
crystal mixer is treated frm a casual viewpoint both analytically urd 
empirically. The results obtained from these two approaches are in good 
agreement with respect to the form of phase shift as a function of the 
controlled variables, while fair quantitative agreement between the two 
approaches is obtained. 
From the results of this investigation, an operating condition is ob- 
tained that minimizes the change in phase shift through a crystal mixer 
for reasonable variations in the controlled variable. 
Statement of the Problem: 
The crystal mixer is a three port device consisting of a set of linear 
circuit elements plus the non-linear crystal diode. The crystal mixer to 
I 
i 
I 
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be studied is self-biased, t h a t  is, the d-c bias for  the c rys t a l  diode is  
derived from the input signals. For the purpose of analysis,  it is asslrmed 
t h a t  the signal input level is very much less than the loca l  o sc i l l a to r  in- 
put level. Under t h i s  assump- 
t ion ,  it follows that the d-c bias for the c rys t a l  diode is derived almost 
en t i r e ly  from the local o s c i l l a t o r  input. 
(This is a l so  generally true i n  practice.)  
The operating point of the diode is  defined i n  tenus of the  d-c bias  
current.  
may a l so  be expressed i n  terms of the local  o sc i l l a to r  input level. 
By the argument of the  preceding  paragraph, the operating point 
The 
phase s h i f t  incurred by a signal in passing through a c i r c u i t  is  determined 
by the signal frequency, the c i r cu i t  arrangement, and the value8 of resis- 
tance and reactance i n  each mesh of the c i r c u i t .  In the case of a crystal 
m i x e r ,  a l l  of the c i r c u i t  values are constant with the exception of the 
diode. The 
bias  is derived from a sinusoidal source, i .e.,  the loca l  o sc i l l a to r  in- 
put,  hence the d-c bias,  and thus the diode impedance would be expected t o  
vary simrsoidally, or a t  worst periodically. U n d e r  these conditions, 
average diode impedance can be defined, such that, for  constant frequency 
and a q l i t u d e  of loca l  o s c i l l a t o r  input level, the average diode impedance 
is  a constant. The operating point of a m i x e r  is then defined i n  terms of 
The equivalent impedance of the  diode varies w i t h  d-c bias. 
the steady-state, or  average, value of the diode resistance.  
For a given diode c i r c u i t ,  constant signal and loca l  o s c i l l a t a r  fre- 
quencies, as w e l l  as constant amplitude of the local  o sc i l l a to r  input t o  
the mixer, the phase s h i f t  should be constant and hence, i t s  e f f ec t  may 
be colapensated by proper input and/or output matching networks. Note, 
2 
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however, t ha t  any var ia t ion i n  the local  o sc i l l a to r  input level t o  the 
mixer results i n  a change i n  the diode impedance and hence changes the 
phase s h i f t  so tha t  i t  is no longer compensated by the matching networks. 
Relative Phase of Si-ls of Different Frequencies: 
The mixer is a three port  device i n  which r-f  energy is applied to 
two ports  and r-f  energy is extracted a t  the th i rd  port .  A charac te r i s t ic  
feature  of the m i x e r  is  tha t  the frequency of the output energy is equal 
t o  the sum and/or difference of t h e  frequencies of the input energy. 
the input signals t o  the mixer E 1 ( q , t )  and E 2 ( q , t )  be defined by 
L e t  
and 
where u1 # 02 - 
Since the mixer i s  a product device, the output signal E3(u3,t) i s  defined 
by 
Substi tute (1) and (2) in to  (3) and use the trigonometric ident i ty  
4 )  cos A cos B = % [ cos (A + B) + cos (A - 
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to obtain 
5) 
Use of a high-pass or low-pass filter permits the selection either of the 
frequency sum term or the frequency difference term respectively as the 
desired output signal. 
In considering the phase shift through a mixer the quantity of 
interest is the difference in phase between the input and output signals. 
These signals are of different frequencies. hence it is of interest to 
consider the conditions under which the phase difference between signals 
of different frequencies has significance. 
Consider two signals EA(m,t) and Eg(u,t) where 
6 )  
and 
7) 
The term "phase difference" between signals of different frequencies 
is ambiguous, since a phase implies a frequency and in the case of two fre- 
quencies the phase difference may be referred to either of the frequencies. 
To eliminate this ambiguity. consider a "time difference" between the two 
I 
i 
I 
I 
1 
1 
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waves. In considering a time difference no frequency is implied, hence 
no ambiguity results. The time delay between two periodic waves may be 
described in terms of the occurence times of any two li’le points on the 
two waves. 
reference points. 
Select the positive-going zero crossings of the waves as 
In the (co,t) plane, equation (6) represents a sinusoid displaced 
from the origin by an amount coat = @A. 
(w,T,) plane where Ta is such that Ea(U,Ta) is not displaced from the 
origin. In the (a ,T)  plane, equations (6) and (7) are of the form 
Make a transformation to the 
5 
The positive-going zero crossings of EA(u,T) and EB(u,T) occur for 
10 ) %Ta (2n) I[, n = 0, 1, 2, 3, ... , 
and 
11) q T b  = (2m) II, m = 0, 1, 2, 3, ... 
respectively. 
In the (o,T) plane, the initial time delay between EA and Eb is zero. Also, 
~~ 
-~ ~~ 
~ 
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the time delay is defined only at those times when EA and EB have simul- 
taneous, positive-going zero crossings. 
(10) and (11), the statement that Ta = Tb implies 
That is, for Ta = Tb, hence from 
From the definition of Ta and Tb ( equations 8 and 91,  the statement that 
Ta * Tb implies 
where ta and tb are the occurrence times of the positive-going zero crossings 
of.lgA(&t) and Eb(a,t) reapectively in the (%t) plane. 
just the time delay in question. 
Hence, t, - tb is 
Equation (13) ltray be written in the form 
The first coincident zero crossings in the E((o,T) plane occur for m and n = 0. 
The second coincident zero crossings occur for the smallest integer m such 
that m(%/q,) is integral. 
coincidence of zero crossings occurs for n = 6 and a = 5. 
For example, if q,/cq, - 1.2, then the second 
It should be 
clear that for equation (12) to be defined, %/q, must be a rational fraction. 
From (12) it follows that 
Technical Report rhher 2, Contract NASS-5231 7 
Hence, for any two signals of different frequencies, where the frequencies 
satisfy (12), there is defined a time delay between the two waves having 
the form of (13). 
Refer to equation (5) in which E3(0-’,t) is the mixer output signal, 
and E1(0-’,t) is the mixer signal input, as defined in (1). 
and (12), the time delay through the mixer is defined only if a1 and 9 
are related by 
From (1) , (5) 
It should be noted that (12) and (15) are the conditions for coherence 
between two waves having different frequencies. 
Analysis of a Crystal Diode Mixer: 
The d-c volt-ampere characteristic for a crystal diode is presented 
in Figure 1. where the r-f signal is shown superimposed on the local oscil- 
lator signal. From the diode characteristic it is clear that the diode im- 
pedance is a function of the applied signal voltage. 
voltage is of the form 
The applied signal 
17) e(t) = VL cos %t + V, cos cost 
where eL(t) = VL cos uLt , 
es(t) = V, cos %t , 
1 -  
~ ~ _ _ _ _ _  
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VL = amplitude of the local o sc i l l a to r  signal, 
V, = amplitude of the r-f signal, 
q = angular frequency of the local  o sc i l l a to r  signal, 
0s = angular frequency of the r - f  signal. 
and 
In general V L  >> Vijt so that (17) may be written 
For a periodic applied voltage, the functional re la t ionship between the 
diode admittance and applied voltage implies tha t  the diode admittance 
is  a l so  periodic. 
Fourier series 
Hence,  the diode admittance may be represented by the 
where the a, are determined by the diode charac te r i s t ics .  
Suppose i n  Figure 2a the  diode adslittance is  very much less than the other 
c i r c u i t  admittances. Then, the signal current is determined by the diode 
admittance, and the diode current is given by 
id = Y e,(t) . 
8 I 
Subst i tute  from (17) and (19) into (20) t o  obtain 
Technical Report Number 2, Contract NAS8-5231 
id = (a0/2) Vs sin (cost) + anvs cos (n %t) sin (ust) . 
n = l  
From trigonometry 
Frola (22), equation (21) may be written 
23) 
Write (23) in the form 
24) 
where I, = (a0/2)V s i n  cost , 
n = l  
+ sin (cos - mL)t . 1 
I '  Technical Report Number 2, Contract NAS8-5231 
and 
The currents h2 can be separated by filters, in which case the conversion 
admittance Yn- corresponding to each In- can be written in the form + + 
The value of the coefficients of the Fourier series are given by 
2a 
= 1. COS q t  d(%t) . 
0 
1[ 
26) an 
There exists,on the diode i-v characteristic, Figure 1, a point(io,vo) 
that corresponds to optimum performance for the diode. In a mixer, the 
criterion for optimum performance is generally minimum conversion loss. 
This point is thus termed the optimum operating point for the diode. It 
should be noted that the location of this point depends upon the charac- 
teristics of the particular diode in question. 
the average value of VL cos %t = vo. 
at its optimum point. It is not important here to evaluate the constants 
in (26); however, it should be noted that from (25), equation (19) may 
be written in the form 
Let eL(t) be such that 
That is the diode is to be operated 
10 
I 
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00 
Yn COS q t  c 27) Y = Y o +  
n = l  
where the Yn d e p e d  m l e l y  upon the dfode t t i r a c t e r i a t i c e .  
assumed t o  be operated at the o p t h  point. 
The diode is 
Assume the load admittance is matched t o  the diode output admittance 
( a t  the optimum operating point)  and that included in the load are loss- 
less f i l t e r s  such tha t  only the currents as defined in (24 ) ,  
are allowed t o  flow. 
+ and 11 
Corresponding t o  Io assume a generator 
and corresponding t o  If assume a generator 
The t o t a l  diode current is thus I, + 11+ and the applied signal is 
ea( t )  + eb(t). Hence,  from (20) write 
30) i d  = Io + 1, = Y e,(t) = Y ea(t) + eb(t)  
Inclusion i n  (25) of the currents i n  the source admittances Y, and Y1+ of 
the generators ea( t )  and eb( t )  respectively, y ie lds  the t o t a l  current iT .  
H e n c e  
I -  
i 
I 
a 
1 
S 
I 
8 
8 
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Subst i tute  (27), (28) and ( 2 9 )  into (31) obtaining, 
32) 
12 
OD 
Yn cos q t )  c i T  = E, s i n  rust (Ys + Yo + 
n = l  
Expand (32) obtaining, 
33) iT = (Y, + Y o )  sincust + Yl% sin uBt cos %t 
8 -  Technical Report Number 2, Contract NAS8-5231 13 
The only allowed terms in  (34) are those having frequencies % or (o+, + q). 
Thus, the terms i n  (34)  of frequency ((UB - cq) and (% + 20,) can be 
deleted, it should also be clear that expansion of Y for 11 > 1 yields no 
additional useful teras. 
Equation (34) may be siaplified to  obtain 
35) 
T t  was necegsary to assume a generator eb(t) in  order to establish the de- 
sired currents. A t  this point remove the generator eb(t) froa the circui t  
leaving i ts  source admittance PI+. 
nodal equation for a two node circuit. 
two node circuit ,  with a generator a t  the f i r s t  node are 
It i s  clear that (35) represents a 
The nodal equations for a gewral 
and 
where Y i i  = the to ta l  admittance between node i and the reference node, 
Yij  = Y1l = the admittance between nodes i and j .  
I I 
Ii 
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To put (35) i n to  the form of (36) and (37), equate currents and sources of 
like frequency in (35). recal l ing that  eb( t )  waa removed. Hence, 
Collect l i ke  t e r n  i n  (36) and (37) to  obtain 
and 
is - 11, E, = 11, Eb = E2 8nd equate (38) to  (40) and (39) t o  (41). 
Hence. 
14 
Equations (42) and (43) a re  two equations i n  three unknowns, which as a 
rule are not solvable. This d i f f i cu l ty  map be eliminated e i t h e r  by solving 
Technical Report Number 2, Contract W8-5231 8 -  
for two of the un3mowns in  tenus of the t h i r d  o r  by assuing a solution 
for one unknown and then solving for  the other two. Hence, l e t  
From (40), (41), (44), (45) and (46) the equivalent circuit  presented in  
Figure 2-b n q  be dram. 
the equivalent circuit  of Figure 3. 
placed by a Th&enin's equivalent circuit  as sham in Figure 4 where 
Transforming t o  impedance parameters, one obtains 
The circuit  of Figure3 may be re- 
47) 
and 
48 ) 
Ini t ia l ly  it was assumed that the diode impedances were verymuch greater 
than the impedances of other circuit elements. In general the source 
15 
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impedance is  equal to,  ur less than the load impedance, and the d-c diode 
impedance Zo is  equal t o  or less than Z1. This may be wr i t ten  mathemati- 
c a l l y  as 
49) zs 5 Zl+ << zo 5 z1 
Application of the inequal i t ies  (49) in to  (47) and (48) yields  
50) ZT Zo(v) = R(v) + jX(v) , 
and 
Recall that the diode impedance is a function of the local o s c i l l a t o r  
. voltage. Suppose the load impedance is matched t o  the diode w e d a n c e  at  
the optimum operating point.  That is, as shown in  Figure 5, 
52) 
Then it should be clear that the match exists at  only that point, and fo r  
other operating points, corresponding t o  other local o s c i l l a t o r  voltages, 
the source and load react ive coaponents do not cancel, and a phase s h i f t  
is  thus introduced tha t  is proportional t o  the function r e l a t ing  diode 
iarpedance and local osc i l l a to r  drive level. 
16 
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Empirical Investigation: 
Two empirical investigations were performed with different objectives; 
(a) To provide Oata for use in computing the phase shift via the equivalent 
circuit derived in the previous section, and (b) to provide a measurement 
of the phase shift for camparison with the computed phase shift. 
Crystal Mixer Output Impedance: 
The output impedance of a General Radio 874 crystal m i x e r ,  using a 
Sylvania lN21-C crystal diode, was measured. The measurements were per- 
formed with a General Radio 1607-A Transfer-function and IaPanittance Bridge. 
The diode was self-biased, and the output impedance, at 60 mclsec, was 
measured as a function of local oscillator drive level, as indicated by d-c 
diode current. These data are presented in Table I. 
Experimental Measurement of Mixer Phase Shift: 
A block diagram of rhe.equipment used to measure the phase shift 
through a mixer is presented in Figure 7. 
frequencies were chosen to be 45 d s e c  and 15 mclsec respectively, and 
the frequency sum component at 60 mc/sec was chosen as the m i x e r  output 
signal. 
equipment availability. 
The signal and local oscillator 
The selection of these particular frequencies was based on 
In the analysis it was shown that the phase delay between signals of 
different frequencies is defined only i f  the signals are phase coherent. 
Hence, phase coherent signals at 45 mclsec and 15 mr/sec vere required for 
the phase delay measurement. 
signal generator, and a phase coherent 15 mc/sec signal was synthesized 
The 45 mc/sec signal was obtained from a 
i 
I 
8 
I 
I 
' I  
8 
I 
I 
i 
I 
I 
II 
'I 
I 
1 
I 
I 
I 
I 
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from the 45 mc/sec signal by a regenerative frequency divider c i r c u i t  
(Figure 8 )  constructed for  tha t  purpose. 
The mixer input, local  osc i l la tor ,  and output signals w e r e  dfsplayed 
on two H e w l e t t  Packard 185B sampling oscilloscopes. 
and output signals w e r e  compared, while on the other,  the local  o sc i l l a to r  
and input s ignals  were compared. The l a t t e r  comparison assures a constant 
r e l a t i v e  phase between s i g n a l  and local  o sc i l l a to r  inputs, while the for- 
mer i s  a visual  presentation of the mixer phase delay. The load was 
matched t o  the mixer a t  an operating point defined by the local  o sc i l l a to r  
dr ive  leve l  corresponding t o  1.6 m a ,  d-c diode current. The "input-output" 
oscilloscope presentation was then photographed, a s  the local  o sc i l l a to r  
dr ive level was varied over a range corresponding t o  d-c diode currents 
of 0 .6  ma t o  5.2 ma.  
(-35 dbm) and a l so  a large input signal (-15 dbm). 
the mixer phase s h i f t s  as a function of diode current w e r e  extracted and 
p lo t ted  (Figure 10). 
On one, the input 
These data were taken f o r  a small input signal 
From these photographs, 
The theore t ica l  phase s h i f t  versus diode current curve is a l so  
plot ted i n  Figure 10 where it may be seen that good agreement e x i s t s  i n  
the  forms of the curves; however, the absolute values agree only approxi- 
mately.  It is, however, the form of the phase shift-versus-diode current 
curve t h a t  is of real in t e re s t ,  since a t  any diode current,  the phase s h i f t  
may be nulled by a proper terminating network. 
determine the diode current a t  which the phase s h i f t  is  l ea s t  sens i t ive  
t o  changes i n  local  o sc i l l a to r  drive level  as  represented by diode current.  
Figure 10 c lear ly  shows tha t  t h i s  consideration implies a large diode 
Thus the problem is t o  
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current.  It is of i n t e re s t  t o  observe from the data of Table I1 that 
the condition f o r  minimum conversion loss  a lso corresponds t o  large 
diode current.  
Conc l u s  ion: 
This i m t i s t i o a  rereals that tf.,ere does exist, as herein clefimd, 
a phase s h i f t  through a crystal mixer. 
operated a t  some par t icu la t  point on its i-v charac te r i s t ic  and the load 
impedance is matched t o  the mixer output impedance corresponding t o  t h a t  
operating point. 
m i x e r  and load nay be fu l ly  compensated, and thus be zero at the design 
operating point. The question then arises, w h a t  is the rate of change 
of phase s h i f t  with respect t o  diode current or local o s c i l l a t o r  drive 
leve l  (either amy be used t o  describe the operati- point)? 
gat ion reveals tha t  the rate of change of phase s h i f t  with respect t o  
diode current is at a minimunt fo r  large diode current.  It is fortunate 
t h a t  t h i s  is a l so  the condition fo r  minimum m i x e r  conversion loss as 
sham in  Figure 12. 
In general, a mixer diode is 
Under these conditions the phase s h i f t  through the 
This investi-  
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FIGURE I CHARACTERISTIC OF NONLINEAR RESISTANCE 
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FIGURE 2a 
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FIGURE 2b 
FIGUE 2 CRYSTAL MIXER EQUVALENT CIRCUITS 
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FIGURE 3 T--EWWL€W CIRCUIT OF A CRYSfAL MIXER 
I 
? 
Ea 
I 
2 
FIGURE 4 THEVENN'S EOUNALENT CIRCUIT OF A CRYSTAL MIXER 
FIGURE 5 EQUIVALENT CIRCUIT AT THE OPTIMUM 
OPERATING POINT 
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FIGURE 8 a  PHASE COHERENT IJ. AND SIGNAL VOLTAGE OF I5 MC/S AND 
45 MC/S RESPECTIVELY FOR LARGE SIGNAL LEVELS 
FIGURE 8b DIODE CURRENT 5.2ma 
FIGURE 8 - TIME SHIFT IN ZERO CROSSINGS BETWEEN 
PHASE GOHERENT 45 W S  INPUT FREQUENCY AND 60 Mc/s 
i-f FOR LARGE SIGNAL L E V E E  
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FIGURE 8c DK)DE CLIRREMT 2.7ma 
FIGWE 8d MODE CURRENT 1.4 ma 
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FIGURE 88 DIODE C”T 0.6mo 
FIGURE 8 f ‘  MODE CURRENT O. lmo 
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FIGURE 9 a  PHASE COHERENT L.O. AND SIGNAL VDLTP&S OF t5mc/s 
AND 45mch REspu;TIVEuI FOR SMALL SIGNAL LEVELS 
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FIGURE 9 b DIODE CURRENT 5.2ma 
FIGURE 9 TIME SHIFT IN ZERO CROSSINGS BETWEEN 45mcls INPUT 
FREQUENCY AND 60mch i-f FREQUENCY FOR SMALL 
SIGNAL LEVELS 
F I W  9 c  MODE CURR€NT 2.6mo 
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FIGURE 9 d  DIODE CURRENT 1.4ma 
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F G U E  9 e  DIODE CURRENT 0.- 
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FIGURE 9 f DIODE CURRENT O.Ima 
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FIGURE IO PHASE SHFT T)RC" A MIXER AS A FUNCTION 
OF L.O. VOLTAGE (DlOtE CURRENT) 
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TABLE U EXPERIMENTAL DATA FOR COMERSICW LOSS AS A 
FUNCTION OF MOM: CURRENT 
100 MA 
1015MA 
009 MA 
006SHA 
0.5 MA 
I 
17.88 
17025 
18.82 
20090 
22.72 
CONVERSION 
W R E N T  LOSS 
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